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Aliki Moukarika,§ Petra Rudolf,‡ Michael A. Karakassides,† Thomas Bakas,§ and Dimitrios Gournis†
†Department of Materials Science & Engineering, University of Ioannina, GR-45110 Ioannina, Greece
‡Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, NL-9747 AG Groningen, The Netherlands
§Department of Physics, University of Ioannina, GR-45110 Ioannina, Greece
*S Supporting Information
ABSTRACT: A 3 to 1 Ni/Si antiferromagnetic layered phyllosilicate,
Ni3Si(C3H6NH3)F0.65O1.9(OH)4.45(CH3COO)1.1·xH2O, was modiﬁed with
K4[Fe(CN)6]·3H2O. This compound retained its ordering as proved by X-ray
diﬀraction, while infrared spectra revealed the presence of [Fe(CN)6]
4−
groups and X-ray photoelectron spectroscopy showed that the latter partially
substitute the acetate groups. Both the parent and the modiﬁed compound are
canted antiferromagnets with an anisotropy perpendicular to the layers and
show spin-ﬂop transitions. For the parent compound, a single step spin-ﬂop
occurs at H = 24 kOe. The modiﬁed compound shows increased
antiferromagnetic canting and a two-step transition (H1 = 24 kOe, H2 = 48
kOe). These results testify to the existence of competing interactions that
depend sensitively on the grafted species.
■ INTRODUCTION
Phyllosilicates belong to the large and varied class of layered
materials. These two-dimensional (2D) systems exhibit,
depending on their composition, diverse properties such as
ion-exchange, swelling, intercalation, high speciﬁc surface areas,
shape selectivity, and exotic electronic or magnetic properties.
The adaptability of their properties makes them ideal candidate
materials for numerous applications as catalysts, sensors,
sorbents, etc.1−3 Although many naturally occurring phyllosi-
licates like talc have little or no ion-exchange capacity restricting
their applicability, synthetic talc-like materials can exhibit ion-
exchange capability together with other signiﬁcant properties.
Moreover, their crystallinity can be improved if hydrothermal
conditions are adopted during the synthetic process.1 Proper-
ties of synthetic phyllosilicates can be easily tuned because
various metallic cations and trialkoxysilane precursors can be
used in the copolymerization synthetic reactions.3,4
Layered nickel phyllosilicates consist of hydroxide layers of
magnetic atoms separated by Si-aminopropyl groups and have
recently been used as a pristine material for the development of
nickel-containing magnetic nanoparticles,5−7 optically active
hybrids,8 and eﬀective catalytic materials.9,10 Depending on the
Ni/Si ratio, 1:1 or 2:1 phyllosilicates can be retrieved.3,11,12 In
the talc-like 2:1 phyllosilicates as in the case reported here, the
inorganic layer with a thickness of ca. 9.4 Å consists of two
tetrahedral silicate sheets interleaving an inner octahedral
Ni(II) sheet.12 These materials, if well crystallized, can be
considered as model magnetic systems exhibiting several
interesting and adjustable magnetic properties. As a result of
the layered nature of these materials, the magnetic interactions
are anisotropic, stronger within the planes and weaker between
the planes, resulting in a quasi-two-dimensional character and
giving a variety of ground states depending on the ratio
between interchain and intrachain interactions but due to the
strong intralayer interactions the eﬀect of the dipolar ﬁeld may
be also signiﬁcant.13 The interlayer spacing as well as the
strength and sign of interlayer interactions can be adjusted
chemically by inserting ions or neutral molecules into the
galleries, by connecting organic groups through to the layers via
covalent bonds as well as by a proper choice of the grafted
silicate species and the substituted magnetic atoms. For
instance, by adjusting the Ni/Si ratio, both ferromagnetic12
and antiferromagnetic structures are obtained.1
Ni3Si(C3H6NH3)F0.65O1.9(OH)4.45(CH3COO)1.1·xH2O lay-
ered phyllosilicates have been proven1 to show a layered-
antiferromagnetic canted (AF) type of magnetic order below a
Neél point of 21 K characterized by an easy axis perpendicular
to the Ni layers. The isothermal magnetization curves show a
spin-ﬂop about 20 kOe, exhibiting a hysteresis of 2 kOe.1,14
The canted antiferomagnetism itself suggests a state that
sensitively depends on the existence of competing interactions.
Given the wealth of phenomena that can be obtained, this
system has not yet been adequately explored. The structure
consists of Ni hydroxide layers within which the exchange
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interaction is expected to be ferromagnetic. The existence of
perpendicular anisotropy implies that the antiferromagnetic
coupling cannot be attributed to the dipole interactions which,
in this case, would favor ferromagnetic interlayer coupling.
Thus, the coupling must be mediated through the interlayer
bonds. It is therefore of interest to explore the eﬀect of
substitutions on the organic part that bridges the layers and
how they inﬂuence the magnetic ordering and transitions
observed.
Here, we focus on the modiﬁcation of the magnetic
p r o p e r t i e s o f a N i 3 S i ( C 3 H 6 NH 3 ) F 0 . 6 5 O 1 . 9 -
(OH)4.45(CH3COO)1.1·xH2O layered phyllosilicate, prepared
under hydrothermal conditions, in which the acetate groups
between the layers have been replaced by the quadravalent
ferrocyanide [Fe(CN)6]
4− groups. This substitution can be
used to modify the magnetic properties and to elucidate the
basic mechanisms through which magnetic order and
anisotropy are deﬁned in these materials. The obtained
compounds were structurally characterized with X-ray powder
diﬀraction measurements, FT-infrared spectroscopy, and for
the ﬁrst time X-ray photoelectron spectroscopy measurements.
Magnetic properties were examined with SQUID and high-ﬁeld
magnetometry as well as Mössbauer measurements. The
samples exhibited high crystallinity, canted antiferromagnetism
with an anisotropy perpendicular to the layers and showed
spin-ﬂop transitions.
■ EXPERIMENTAL SECTION
Synthesis. The organic−inorganic nickel silicates were synthesized
under a hydrothermal synthetic approach at 170 °C using nickel
acetate, 3-aminopropyltriethoxysilane, and ammonium ﬂuoride as
mineralizing agent. 0.6 mmol of Ni(CH3COO)2·4H2O was dissolved
in 5 mL of H2O in a 20 mL beaker, and 0.8 mmol of 3-
aminopropyltriethoxysilane was added. In another beaker 0.2 mmol
of NH4F was dissolved in 5 mL of H2O, and the solution was
subsequently added dropwise to the ﬁrst beaker. The reactants were
set at 170 °C under autogenous conditions in a 75 mL autoclave and
left to react for 48 h. After 2 days a light green powder was retrieved by
centrifugation and rinsing with H2O. The compound was then air-
dried (this sample is denoted as parent in the following). Afterward, it
was treated with K4[Fe(CN)6]·3H2O using a 1CH3COO
−/4.5CN−
equivalent proportion under mild conditions. This acetate to cyanide
equivalent proportion implies a namely 3 to 1 excess which is
considered enough for ion-exchange reactions. The reactants were
dissolved in 5 mL of H2O and stirred for 4 days. Then the new
compound was retrieved by centrifugation and rinsing with H2O, and
it was left to air-dry (this sample is denoted as modiﬁed in the
following).
Characterization. The θ−2θ X-ray powder diﬀraction data (XRD)
were collected with a Bruker diﬀractometer using Cu Kα radiation.
Pellets of pulverized samples dispersed in KBr were used for recording
FT-Infrared spectra on a Perkin-Elmer GX Fourier transform
spectrometer in the frequency range of 400−4000 cm−1. The reported
spectra are an average of 64 scans at 2 cm−1 resolution. For the X-ray
photoelectron spectroscopy (XPS) measurements, evaporated gold
ﬁlms supported on mica were used as substrates. The pulverized
samples were dispersed in ethanol (1 wt %), and after short stirring, a
small drop of the suspension was deposited on the Au substrate and
left to dry in air. Samples were introduced via a load lock system into a
SSX-100 (Surface Science Instruments) photoelectron spectrometer
with a monochromatic Al Kα X-ray source (hν = 1486.6 eV). The base
pressure in the spectrometer was 2 × 10−10 Torr during all
measurements. The energy resolution was set to 1.16 eV to minimize
measuring time. The photoelectron takeoﬀ angle was 37°. An electron
ﬂood gun providing 0.2 eV kinetic energy electrons in combination
with an Au grid placed about 1 mm above the sample was used to
compensate for sample charging. All binding energies were referenced
to the C 1s core level at 285 eV. Spectral analysis included a Shirley
background subtraction and peak deconvolution employing mixed
Gaussian−Lorentzian functions, in a least-squares curve-ﬁtting
program (WinSpec) developed at the LISE, University of Namur,
Belgium. Magnetic measurements in the ﬁeld range up to 5 T were
performed in a SQUID magnetometer (Quantum Design). Measure-
ments at higher ﬁelds were carried out using a 22 T resistive magnet
M6 with an extraction magnetometry setup at the Grenoble High
Magnetic Field Laboratory. For the magnetic measurements, samples
in the form of ﬂakes (not pulverized) have been used. These have been
prepared by settling of particles from a suspension. When this method
is used, there is a preferential orientation of the c-axis perpendicular to
the ﬂake plane. Measurements have been performed with the applied
ﬁeld parallel in the ﬂake plane and perpendicular to it by simply
placing properly the ﬂakes. Mössbauer measurements were carried out
with a conventional, constant acceleration spectrometer equipped with
a 57Co(Rh) source. Spectra were obtained at room temperature and
ﬁtted with a least-squares minimization procedure assuming
Lorentzian line shapes.
■ RESULTS AND DISCUSSION
Structural Characterization. X-ray powder diﬀraction
patterns of parent and modiﬁed compounds are shown in
Figure 1. The progression of diﬀraction peaks at low angles can
be indexed as the (00l) of the typical phyllosilicate cell, whereas
the narrow peaks at 2.679 and 1.550 Å can be indexed as (130,
200) and (060, 330), respectively.1,11 The latter are very weak
in well-oriented samples in the form of ﬂakes so pulverized
samples were measured in order to enhance the in-plane
diﬀraction peaks. Applying Bragg’s law for the ﬁrst reﬂection
peak, a d001 spacing of 22.2 Å is calculated for the parent
sample, while d001 spacing of the modiﬁed compound is 24.9 Å.
The basal spacing of the parent sample (22.2 Å) is in agreement
with the one reported in the literature.1 As known, the 2:1
phyllosilicates have an inorganic layer consisting of two
tetrahedral silicate sheets interleaving an inner octahedral
metal(II) sheet with a thickness of ca. 9.4 Å.12 If we assume that
the propylamine groups (∼5 Å in length) are perpendicular to
these layers, the interlayer space is ∼2.8 Å and occupied by the
acetate groups. In the modiﬁed sample the interlayer space is
signiﬁcantly increased (∼5.5 Å), conﬁrming the insertion of the
voluminous ferrocyanide groups and the substitution of the
acetate groups. From the width of the peaks, the diﬀraction
Figure 1. X-ray powder diﬀraction patterns of the parent nickel
phyllosilicate (a) and a typical modiﬁed (b) sample treated with
K4[Fe(CN)6]·3H2O.
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coherence length (ξ) can be evaluated both along the [001]
direction and in the layer plane applying the Scherrer formula
(Table 1). It is evident from the ξ-values along the c-axis that
the parent sample exhibits high crystallinity since nearly 4 layers
are oriented in the powder form, while for the modiﬁed
material it can be estimated that ∼2 layers are stacked in a
pulverized sample. The transverse coherence length is believed
to deﬁne the dipolar coupling strength between the layers due
to the formation of correlated spin domains.14 Since no
signiﬁcant diﬀerence was found in the lateral coherence length
(ξ-in plane) of the two samples, the diﬀerences in their
magnetic behavior cannot be ascribed to diﬀerences in the
dipolar coupling strength resulting from diﬀerences in
structural coherence.
The FT-infrared spectrum of the parent sample in Figure 2a
shows main peaks at νmax(KBr pellets)/cm
−1: 3632 s ν(NiO-
H), 3288 vw ν(N−H), 3093 w ν(NH3+), 2930 m νasym.(CH2),
2852w νsym.(CH2), 1641 m δ(H2O), 1555 w νasym.(COO
−),
1437 w δ(CH2), 1370 w δ(CH2), 1298 w ν(C−N), 1195 vw
ν(Si−C), 1017 br νasym.(Si−O−Si), 657 vw δ(Ni−O−H), 575
m ν(Ni−O), and 457 w ρ(Si−O−Si).1,11,15,16 FT-infrared
spectra (a) and (b) have common peaks, while spectrum (b) of
the modiﬁed sample showed an additional peak at 2093 m,
which is assigned to CN− groups whose presence will be
discussed later. For comparison, spectrum (c) of pure
K4[Fe(CN)6]·3H2O (KFCT) is also shown in Figure 2c and
has main peaks at νmax(KBr pellets)/cm
−1: 3596 m νasym.(H2O)-
(II) (ν3), 3524 m νasym(H2O)-(I) (ν3), 3452 m νsym(H2O)-(II)
(ν1), 3386 m νsym(H2O)-(I) (ν1), 2042 vs ν(CN), 1652 m
δ(H2O)-(I), 1621 m δ(H2O)-(II), 585 m ν(Fe-CN), and 421 w
γ(H2O), where (H2O)-(I) and (H2O)-(II) denote two
crystallographically diﬀerent H2O molecules in the KFCT
crystals.17−19 The presence of the CN− peak at 2093 cm−1 in
spectrum (b) of the modiﬁed sample conﬁrms the successful
insertion KFCT. Moreover, the observed shift of the original
CN− peak to higher wavenumbers (ca. 50 cm−1) testiﬁes to the
formation of bridged cyano complexes such as Fe(II)−CN−
NH3(I).
20,21
The C 1s core level photoemission line of the parent
compound was found to consist of three main contributions
(Figure 3a). The lower binding energy component at 285 eV is
attributed to the C−C bonds of the aliphatic chain of the
aminopropylsilane that is attached to the nickel hydroxide
layers. The second component, recorded at a binding energy of
286.5 eV, is assigned mainly to the C−N bonds of the amine
groups which are present in the galleries between the nickel
hydroxide layers. The higher binding energy component at 289
eV is due to the acetate groups (COO−) that act as counterions
in the interlayer space. Similarly, the C 1s spectrum of the
chemically modiﬁed nickel hydroxide (Figure 3b) testiﬁes to
the presence of C−C, C−N, and O−CO bonds as suggested
by the components at 285, 286.5, and 288.5 eV. However, the
relative area ratio of (C−N)/(COO−) groups in the case of the
chemically modiﬁed sample was found to be equal to 1.0, i.e.,
considerably higher than the corresponding value (0.75)
calculated for the parent material. This suggests a decrease of
the acetate groups present in the interlayer space, further
conﬁrming their partial exchange by the ferrocyanide complexes
as also deduced from XRD and FT-IR results.
The successful incorporation of the ferrocyanide groups
between nickel hydroxide sheets is further corroborated by the
N 1s core level XPS spectra of the synthesized samples. In
detail, the N 1s line of the parent material (Figure 4a) could be
ﬁtted with two contributions: a lower binding energy peak at
399.7 eV due to the amine groups (−NH2) also present in the
interlayer galleries22,23 and a second peak at 402.3 eV, which is
attributed to protonated terminal amine groups (−NH3+).
24
Both peaks show, within the limits of experimental error, the
same binding energy values before and after partial exchange of
the acetate by ferrocyanide groups (Figure 4b). An important
ﬁnding in the N 1s spectrum of the modiﬁed material is the
appearance of an additional peak characteristic for cyanide
groups at 398 eV, which not present in the corresponding
spectrum of the parent material. This strongly suggests the
successful intercalation of CN− groups within the interlayer
Table 1. ξ-in Plane and ξ-along c-Axis for Parent and
Modiﬁed Samples
sample ξ-in plane (Å) ξ-along the c-axis (Å)
parent 300−460 86
modiﬁed 280−350 50
Figure 2. FT-infrared spectra of the parent nickel phyllosilicate (a), a
typical modiﬁed compound treated with K4[Fe(CN)6]·3H2O (b), and
K4[Fe(CN)6]·3H2O (c).
Figure 3. C 1s core level X-ray photoemission spectra of the parent
nickel phyllosilicate (a) and a typical modiﬁed sample treated with
K4[Fe(CN)6]·3H2O (b).
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space.25 The exchange of the acetate by the ferrocyanide groups
within the interlayer space is further supported by quantitative
XPS results. In fact, XPS provides not only qualitative but also
quantitative information,26 since the peak areas normalized with
the atomic sensitivity factors are proportional to the number of
the corresponding atoms within the sampling depth. In this
context, the relative peak area ratio C:N was found considerably
higher (9.8) for the parent than for the modiﬁed sample (7.6).
The decrease of the C:N ratio again conﬁrms the removal of
the acetate groups from the interlayer space and their partial
replacement by the ferrocyanide groups.
No signiﬁcant changes where observed in the Ni 2p3/2
photoemission spectrum of the Ni phyllosilicates materials
before (Figure 5a, left) and after (Figure 5b, left) the exchange
reactions. In detail, the Ni 2p3/2 core level spectra of the parent
and the cyanide-modiﬁed phyllosilicates both show one peak
centered at 856.6 eV followed by a broad shoulder at the higher
binding energy side. 856.6 eV is a binding energy value
characteristic for nickel hydroxide27,28 and nickel ﬂuoride,29
both expected to be present in the inorganic framework of the
nickel phyllosilicate sheets; the broad shoulder is the
corresponding satellite structure.30,31 For both parent and
modiﬁed phyllosilicates, the Si 2p peak (Figure 5, right) was
also recorded to calculate the relative ratio of Ni:Si within
sampling depth from the peak areas of nitrogen to silicon
normalized with the corresponding atomic sensitivity factors.
The value of the Ni:Si ratio of the parent and modiﬁed nickel
phyllosilicates was found to be the same within the
experimental error, indicating that the parent layered material
remained unaﬀected upon modiﬁcation with ferrocyanide
anions. A schematic representation of the structure of the
modiﬁed sample is shown in Figure 6 where the partial
substitution of acetates by ferrocyanides is illustrated.
Magnetic Measurements. In the Mössbauer spectra of the
modiﬁed sample (available in Supporting Information in Figure
S1) only a singlet with an isomer shift of −0.058(1) mm/s
appears. This indicates that the Fe atoms remain in a low-spin
state and are therefore not expected to contribute to the
magnetometry measurements. The observed magnetic moment
is hence due exclusively to Ni atoms. Our measurements on the
parent compound as well on the modiﬁed one, where the
acetate groups between the layers have been replaced by the
quadrivalent [Fe(CN)6]
4− groups, shown in Figure 7, suggest
antiferromagnetically coupled ferromagnetic layers for both
compounds. More speciﬁcally, at low ﬁelds there is weak
magnetic contribution that can be attributed to a “canted”
antiferromagnetic (AF) structure. The latter is an AF structure
in which the antiparallel alignment of the spins is imperfect,
yielding a small net moment due to incomplete cancellation of
the opposite spins. The curves presented in Figure 7 have been
measured ﬁeld cooling in an applied ﬁeld of 100 Oe. Thus, the
diﬀerences in magnetization values are mainly due to
diﬀerences in remanence, which are related to the canting
angles. The canting angles can be calculated and amount to 1.6°
and 3.8° for the parent and the modiﬁed compound,
respectively. The M vs T measurements (Figure 7) give an
ordering temperature of 26 K for both samples. This implies
that the substitution does not aﬀect the coupling strength but
mainly nonisotropic coupling terms that are responsible for the
canted structure.
In the temperature range above 50 K, 1/χ shows a linear
dependence on T and can be ﬁtted to a Curie−Weiss law
(Figure 8):
χ θ= −T C1/ ( )/ (1)
The positive intercept of the line with the temperature axis,
for both samples, indicates the presence strong ferromagnetic
in-plane interactions and yields Weiss constants θ = 24.0 ± 1.2
K and θ = 27.6 ± 1.4 K for the parent and modiﬁed samples,
respectively. The eﬀective moment, if assigned to a spin one,
gives a Lande ́ factor g = 2.3 ± 0.1 for both samples.
In the magnetization versus ﬁeld curves at 5 K (Figure 9)
spin-ﬂop transitions can be observed. These transitions are
observed when the magnetic ﬁeld is applied along the easy
anisotropy axis, which is perpendicular to the layers. The
measurements with the ﬁeld in-plane show that this is the hard
axis and that the anisotropy ﬁeld amounts to 110 kOe. To study
these high ﬁeld transitions, to ascertain that no further steps
occur before saturation, and to estimate the anisotropy ﬁelds,
measurements up to 220 kOe where performed at the Grenoble
High Magnetic Field Laboratory. The results are summarized in
Figure 9. The region up to 120 kOe is presented as this ﬁeld
was found to be suﬃcient to saturate the samples even in the
hard direction. For the parent compound the spin-ﬂop occurs
at 24 kOe, above which the magnetization increases
Figure 4. N 1s core level X-ray photoemission spectra of the parent
nickel phyllosilicate (a) and a typical modiﬁed sample treated with
K4[Fe(CN)6]·3H2O (b).
Figure 5. X-ray photoemission spectra of Ni 2p3/2 (left) and Si 2p
(right) core level regions of the parent nickel phyllosilicate (a) and a
typical modiﬁed sample treated with K4[Fe(CN)6]·3H2O (b).
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continuously until saturation is reached. It can be calculated
that the canting angle reaches 7.5° before the ﬁrst spin-ﬂop at
24 kOe occurs. For the modiﬁed compound two transitions are
observed; the ﬁrst one coincides with that of the parent
compound but is followed by a second discontinuity observed
at 48 kOe.
The ﬁeld values at which the spin-ﬂops are observed
decrease, and the transitions become broader as temperature
is increased. Finally above 22 K the steps are smeared out and
the exact position of the spin-ﬂops can no longer be deﬁned.
The temperature evolution of H1 and H2 is presented in the
inset of Figure 9. The ratio H2/H1 remains close to 2 at all
temperatures for which both ﬁelds can be determined.
Since the XPS data show that acetate groups are partially
substituted by [Fe(CN)6]
4−, it is tempting to assign the
appearance of two steps to the simultaneous existence of two
components in the modiﬁed compound. Diﬀerent environ-
ments in the interlayer space could lead to diﬀerent coupling
strengths and spin-ﬂop ﬁelds. Thus, the second step (at 48
kOe) could be attributed to the contribution from regions
where [Fe(CN)6]
4− have substituted for acetate groups in the
interlayer space. However, the existence of the strong in-plane
ferromagnetic interaction (θ =27.6 K) would average out the
contribution from the randomly substituted diﬀerent inter-
calates yielding an average response. Thus, explaining the two
transitions as a result of an inhomogeneity would mean that
this should occur in large spatially separated areas of the order
of the in-plane structural coherence length (∼300 Å).
On the other hand, the existence of a second transition is
reminiscent of a surface spin-ﬂop phenomenon32 and due to
the short structural coherence length along the ﬁlm normal a
strong contribution from the surfaces is expected. Two-stage
spin-ﬂop phenomena occur in ﬁnite antiferromagnetic layer
systems because of inhomogeneous ﬂopped states.32,33 In our
Figure 6. Schematic representation of the structure of the modiﬁed nickel phyllosilicate.
Figure 7. Magnetization versus temperature measurements ﬁeld
cooling in an applied ﬁeld of 100 Oe of the parent nickel phyllosilicate
and a typical modiﬁed sample treated with K4[Fe(CN)6]·3H2O.
Figure 8. Magnetization versus temperature measured data of the
parent nickel phyllosilicate (open circles) and a typical modiﬁed
sample treated with K4[Fe(CN)6]·3H2O (closed triangles) ﬁtted to a
Curie−Weiss law.
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case this would imply an inhomogeneous spin state along the
normal to the planes that nucleates near the surface and
penetrates the superlattice with increasing ﬁeld.
The coexistence of competing symmetric and antisymmetric
interactions of comparable magnitude is another possible
mechanism that can result in two-stage spin-ﬂop transitions.34
The increased AF canting of the modiﬁed sample shows that
there is indeed an increased contribution of antisymmetric
interaction terms. Recently, a two-step transition was also
observed in β-Ni(OH)2.
35,36 Though the reported transitions
are somewhat smeared out and become evident only when the
derivative dM/dH is plotted against the magnetic ﬁeld H, it is
worth noticing that the values of the transition ﬁelds (H1 = 28
kOe and H2 = 55 kOe) are close those of the present study, and
they also follow the relationship H2/H1 ≈ 2. Earlier work
identiﬁed only the transition at 55 kOe.37 It may be concluded
that these transitions occur as a result of balance of competing
interaction and anisotropy terms which depend sensitively on
the structural characteristics of the Ni−OH layers and their
intercalated species.
■ CONCLUSIONS
The magnetic properties of a 3 to 1 Ni/Si antiferromagnetic
layered phyllosilicate, Ni3Si(C3H6NH3)F0.65O1.9(OH)4.45
(CH3COO)1.1·xH2O, parent compound are compared to
those of a K4[Fe(CN)6]·3H2O modiﬁed. XPS shows that
acetates are partially substituted by [Fe(CN)6]
4− groups,
although the large excess of ferrocyanides used during the
ion-exchange reactions. These substitutions do not inﬂuence
the coupling strength between the layers and do not aﬀect the
Neél temperature; however, the AF canting angle is increased,
indicating that the antisymmetric exchange terms depend
sensitively on the grafted species. For the parent compound the
spin-ﬂop appears at H = 24 T, while the modiﬁed compound
shows increased AF canting and a two-step transition (H1 = 24
kOe, H2 = 48 kOe). This reveals that even if the substitution is
not 100%, a second spin-ﬂop transition is present in the
modiﬁed sample at double the ﬁeld of the ﬁrst, which is also




Mössbauer spectra of modiﬁed sample in Figure S1. This
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